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ABSTRACT
There are two boundaries, or physiographic transitions, between three distinct
topographic regions in Bhutan.

The southern and northern regions have relatively steep

hillslopes and high relief, while the central region has gentle hillslopes and low relief. The
geomorphology of a 70-km stretch along the Puna Tsang Chhu valley between the towns of Uma
and Amrimo was studied in March and April of 2009 to provide constraints on the active
tectonics of western Bhutan and the nature of these physiographic transitions.
The Puna Tsang Chhu valley contains a set of alluvial cut-and-fill and bedrock (strath)
river terraces with associated sediments – younger than ca. 18.8 ka – that record a prolonged
history of aggradation – ca. 7.5 mm/yr – and incision – ca. 7.7 mm/yr – in response to climatic
changes and surface uplift. The presence of preserved geologic markers, particularly river
terraces that are younger than ca. 10.4 ka, makes this valley an ideal candidate for tectonic
geomorphology research. Methods used in order to investigate the physiographic transitions in
the Puna Tsang Chuu valley include: geologic field mapping, surveying, OSL geochronology,
and quantitative geomorphic modeling.

Geologic observations are incorporated with the

geochronology control to investigate the cut-and-fill history, uplift rates, and temporal uplift
patterns along the Puna Tsang Chhu.
This research suggests that these physiographic transitions are tectonic in nature.
Observations associated with the northern physiographic transition (PT2a) include a steep,
concave river profile, an increase in relief to the north, a fluvial knickpoint, and an increase in
terrace riser height to the north. Evidence for an active fault at PT2a includes abrupt changes in
modern stream length-gradient (SL), slope gradient (S), and area of relief (Ar) indices. The SL
and S indices, calculated for paleo-river profiles defined by retro-deformed fluvial terrace
v

profiles, indicate that activity at PT2a is steady. The fault at PT2a could be the Kakhtang Thrust
(KT) because the KT is close to PT2a and both have the same trend. PT2b may be caused by
recent activity along a ramp on the Main Central Thrust (MCT) rather than the surface trace of
an active fault. Observations associated with PT2b include: a steep, convex river profile, an
increase in relief to the south, a fluvial knickpoint, a gradual increase in surface uplift to the
south, and an increase in terrace riser heights to the south. The results of the SL, S, and Ar
analyses suggest that recent, yet diminishing tectonic activity formed PT2b. The recent, out-ofsequence thrust activity along the KT and MCT suggests that exhumation of the GHS as the
leading edge of an intracrustal channel may be an ongoing process in the Bhutan Himalaya.
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TECTONIC GEOMORPHOLOGY OF THE PUNA TSANG CHHU, WESTERN
BHUTAN
1. INTRODUCTION
The Himalayan-Tibetan orogenic system (Figure 1) has been extensively researched in
several places, notably Nepal (e.g. LeFort, 1975; Hodges, 2000) comparison between Nepal and
Bhutan is the topography and physiography of each country. For example, Duncan et al. (2003)
showed that the physiography of Bhutan and Nepal are inherently different (Figure 2), with
uniformly steep hillslopes in Nepal and three distinct hillslope regions in Bhutan. The southern
and northern hillslope regions in Bhutan have high hillslope angles, while the central region has
gentler hillslopes (Duncan et al., 2003; Tobgay, 2005) (Figure 3). The physiographic transition
that marks the boundary between the northern and central regions is referred to as PT2a (Tobgay,
2005). Similarly, the boundary between the central and southern region is a physiographic
transition referred to as PT2b (Tobgay, 2005). Both PT2a and PT2b trend east-west. The central
region of gentle hillslopes and low relief is prominent in Bhutan (Figure 3), and this topographic
step, not present in Nepal, may imply that the tectonics of Nepal and Bhutan are different.
Tobgay (2005) infers that PT2a and PT2b could be tectonic in nature based on slope-area
analysis and some field observations.
To test Tobgay’s (2005) hypothesis about the nature of PT2a and PT2b, we looked at
fluvial terraces along the Puna Tsang Chhu in western Bhutan (Figure 1). The Puna Tsang Chhu
contains multiple fluvial terrace levels preserved in a valley with uniform bedrock lithology and
erosion properties. I used an integrative approach to investigate PT2a and PT2b that included
geomorphologic, geologic, high-precision survey, and geochronologic methods. I surveyed
fluvial terraces along the Puna Tsang Chhu and collected over 1,500 elevation data points
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(Figure 4). These data points are classified according to the terrace level they represent to see if
any correlations exist between PT2a, PT2b, knickpoints, and tectonic warping of fluvial terraces
(Figure 4 and Plate 1). I also quantify deformation associated with PT2a and PT2b along the
Puna Tsang Chhu using stream length-gradient (SL), slope-gradient (S), and area of relief (Ar)
indices. The conclusion drawn from the results is that PT2a and PT2b in western Bhutan are
tectonic in origin, and formed by out-of-sequence motion along two thrust faults, likely the
Kakhtang Thrust (KT) and Main Central Thrust fault (MCT), respectfully.

2

2. BACKGROUND TO THE GEOLOGIC PROBLEM AND METHODS
In order to understand the processes involved during the formation of PT2a, PT2b, and
fluvial terraces, I included methods from geomorphology, geology, geochronology, and land
surveying. Using a wide spectrum of methods allows for multiple tests of the hypothesis, that
PT2a and PT2b are tectonic in nature, to be tested from multiple perspectives.
2.1 HIMALAYAN GEOLOGY
The basic geologic architecture of the Himalayas is a series allochthons. From south to
north these allochthons are: the Gangetic foreland; the Subhimalaya; the Lesser Himalayan
Sequence (LHS); the Greater Himalayan Sequence (GHS); and the Tibetan Sedimentary
Sequence (TSS) (Gansser, 1964; LeFort, 1975; Hodges, 2000) (Figure 1). These allochthons
generally strike east-west, sub-parallel to the Himalayan arc, and are separated from one another
by a series of gently north-dipping continental-scale faults. From south to north these faults are:
the Main Frontal Thrust (MFT) between the Gangetic foreland and the Subhimalaya; the Main
Boundary Thrust (MBT) between the Subhimalaya and the LHS; the Main Central Thrust (MCT)
between the LHS and GHS; and the South Tibetan Fault System (STFS), which is dominantly
normal shear sense and separates the GHS from the TSS (Gansser, 1964; Le Fort, 1975; Hodges,
2000).
When the collision of India and Asia began between 60 Ma and 55 Ma (Zurick et. al.,
2005) deformation initiated along the northernmost low angle thrust, the MCT. As in a normal
fold-thrust belt the locus of active thrusting propagated southward – first to the MBT and
presently to the MFT – as the collision progressed (LeFort, 1975; Klootwijk, et al. 1992;
Rowley, 1996; Hodges, 2000; Guillot et al., 2003; DeCelles, 2004; Leech, et al. 2005) (Figure1).
In the Bhutan Himalaya, out-of-sequence thrust-sense deformation occurred along the Kakhtang
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Thrust (KT), which is intra-formational to the GHS, and structurally between the MCT and STFS
(Gansser, 1964; Grujic, et al., 1996; Grujic, et al., 2002; McQuarrie, et al. 2008). In Nepal,
there is also evidence for out-of-sequence motion along the MCT during Neogene time (e.g.,
Macfarlane et al., 1992; Harrison et al., 1997; Catlos et al., 2001; Wobus et al., 2005) and along
the STFS in post-Miocene time (e.g., Hurtado et al., 2001).

This suggests that collision-

generated deformation is occurring within the GHS while deformation continues along the
younger southern faults.
One competing model for the origin of the Himalayas is the channel flow model (e.g.
Grujic et al., 1996, and Hodges et al., 2001). This model suggests that the GHS mapped at the
surface is an exhumed packet of mid-lower crustal rocks.

This channel, or north-dipping

lithologic slab between the MCT and SDFS, extends below the Tibetan Plateau (Grujic et al.,
1996). This crustal channel could potentially still be a force exhuming the GHS in the Himalaya.
2.2 GEOMORPHOLOGY PRINCIPLES
Rivers incise or deposit sediments in reaction to both tectonic and climatic events. For
example, tectonic activity can control the slope and concavity of a river channel. Stream power
is proportional to channel slope, and increases in channel slope due to tectonic uplift result in
increased stream power (Hack, 1975). An increase in stream power can result in incision, where
as a decrease can result in aggradation.

However, stream power can also be changed by

climatically-driven changes in discharge (Hack, 1975). For example, during wetter climatic
conditions, increased runoff will lead to increased discharge and, as a result, increased stream
power.
In a fluvial system, episodes of incision and deposition are recorded in fluvial
sedimentary deposits and in fluvial landforms such as terraces. River terraces are formed by
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progressive abandonment of a river channel during incision and aggradation events. Preserved
river terraces therefore represent the position of the river channel at times in the past. The top
surface of a terrace is referred to as the tread, and the vertical distance between two treads is
called the riser. In the event that a river incises into basin-fill or bedrock, the resulting terrace is
called a cut terrace (Burbank and Anderson, 2001). If the riverbed is composed of fluvial
sediment the resulting terrace is simply called a cut terrace, but if the river cuts into bedrock it is
referred to as a strath terrace (Burbank and Anderson, 2001). When a river deposits sediment,
the uppermost level of deposition, if not later eroded, forms a fill terrace. Interpolating a curve
between correlative terrace treads results in a terrace profile.
Important information regarding tectonics can be deduced from observing the shape,
slope and concavity or curvature, of terrace profiles. This includes the tectonic or climatic
processes that formed the terrace and the amount of surface deformation since terrace formation.
The type of event that formed a terrace can be determined by analyzing changes in riser height
along the profile of the river valley. For example, reaches of a river experiencing higher uplift
rates will also have terraces with higher riser heights (McCalpin, 1996) (Figure 5). In contrast,
climatically formed fluvial terraces will have relatively consistent riser heights (McCalpin,
1996). Analysis of terrace profiles can help quantify deformation that occurred since terrace
formation. For example, subtracting an interpreted river profile for the time of terrace formation
from the preserved terrace profile can yield an estimate of the amount of deformation since the
terrace was formed (McCalpin, 1996). It is important to realize that a large volume of point
location data on terrace treads is needed to correctly define the shape of terrace profiles for this
type of analysis (Merrits et al., 1989). In this research this challenge was met by using real-time
kinematic (RTK) GPS survey methods.

5

2.3 GEOMORPHOLOGIC INDICES
Makin (1948) first described the concept of a graded stream. He hypothesized that a
stream channel in equilibrium will have a slope that decreases exponentially downstream, and
that the shape of the longitudinal profile will be concave up. From this initial description of a
graded stream and Hack’s (1975) stream power law, which states that the slope times the
discharge is proportional to the stream power, many geomorphic indices have been developed to
analyze fluvial landscapes. For example Merritts et al. (1994) showed that anomalies in the
slope and concavity of a non-graded stream profile could be explained by tectonic related surface
deformation. Moreover, Snow and Slingerland (1987) showed that river channels quickly return
to a graded condition following the termination of active tectonics. This implies that deformed
river channel profiles, and the geomorphic indices used to describe them, can be effective
indicators of relatively recent tectonic activity.
For this research, I employed three geomorphic indices. Two of these relate stream
power to river channel steepness and concavity (Hack, 1975; Burbank and Anderson, 2001;
Pinter and Keller, 2002): the stream length-gradient index (SL) (Seeber and Gornitz 1983;
Goldrick and Bishop, 2007; Peters and Balen, 2007; Troiani and Della Seta, 2008), and the
slope-gradient index (S) (Peters and Balen, 2007).
SL provides a measure of the steepness of the river channel along a given reach (e.g.
Seeber and Gornitz 1983; Goldrick and Bishop, 2007; Troiani and Della Seta, 2008) as compared
to that of a graded stream (Makin, 1948). This index is computed using the relationship:
 ΔH 
SL = 
L
 ΔL 

€
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(1),

where ∆H is the elevation difference between the upstream endpoint and downstream endpoint
of the reach being analyzed, ∆ L is the longitudinal distance between the two endpoints of the
particular reach, and L is the longitudinal distance from the center of the reach being analyzed
upstream to the drainage divide (Figure 6). High SL values indicate a relatively steep channel
slope, while low SL values indicate a relatively gentle slope.
S is a parameter used to quantify the channel concavity (Peters and Balen; 2007) and is
computed using the equation:
 ΔSl 
S =
L
 ΔL 

(2),

where ∆Sl is the change in slope between the upstream endpoint and downstream endpoint of the
€
analyzed reach. If S is positive,
the river channel is concave up, and this indicates that uplift

rates decrease downstream. Negative values for S indicate a convex up channel profile and an
increase in uplift downstream. If S is zero, the slope of the channel does not change (Peters and
Balen, 2007).
The third geomorphologic index used in this research, the amplitude of relief (Ar), is not
related to river profiles, but instead relates denudation to relief and uplift by mapping the
elevation difference between a high and low point with in a given area (Ahnert, 1970). Troiani
and Della Seta (2008) used Ar analysis to distinguish SL anomalies that originate from active
tectonics from those originating from other factors, such as climate or rock type. Troiani and
Della Seta hypothesize that if an SL anomaly correlates spatially with an Ar anomaly, than the
stream is being affected by tectonics (2008).
This portion of the research is modeled after Peters and Balen (2007) by incorporating S
analysis in conjunction with SL analysis. Zones with higher or lower relative uplift and be
defined by the SL analysis. Uplift trends, such as increasing or decreasing downstream, can be
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defined using the S analysis. Using the method of Troiani and Della Seta (2008) I used Ar
analysis in conjunction with SL analysis in order to determine the nature of SL anomalies. Such
anomalies can originate from effects other than tectonics, including, for example, lithologic
discontinuities, river confluences (and the attendant increase in discharge), or climatic effects.
The Ar index helps distinguish tectonic anomalies from non-tectonic ones (Troiani and Della
Seta, 2008).
2.4 REAL-TIME KINEMATIC GPS SURVEYING
In order to accurately apply geomorphic indices to fluvial profiles, one must accurately
define such profiles. I defined fluvial and terrace profiles by surveying and mapping the modern
river and terraces levels with global positioning system (GPS) technology. This equipment
allows for more efficient and accurate mapping compared to traditional geologic mapping
methods (Higgitt and Warburton, 1999). Location data from a single GPS receiver produces
poor precision, typically <10-m and at best >5-m for consumer-grade 12-channel handheld
receiver. However, Real-Time Kinematic (RTK) surveying can improve accuracy to 1-m. RTK
uses two GPS receivers. One GPS receiver, the basestation, is stationary while the second, the
rover, is mobile. In an RTK survey, the basestation communicates with the rover via a radio
link. Correction data broadcast over this link is used by the rover to calculate multiple
corrections to the GPS position data it collects. These corrections account for systematic errors
due to multi-path reflection of the GPS signal, atmospheric and ionospheric interactions, receiver
clock inaccuracies, satellite ephemeris uncertainties, relativistic effects, and intentional dithering
of the C/A-code GPS signal. Aside from these corrections, this survey equipment also executes
L1-carrier phase processing of the signal and optimization to account for receiver and antenna
response. With this enhanced accuracy the RTK system provides point location data with
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centimeter-level precision. Employing RTK equipment significantly enhances geomorphologic
surveys, as a sufficient quantity of high quality data is essential for correlating terraces and
quantitatively measuring the geomorphology (e.g. McCalpin, 1996; Higgitt and Warburton,
1999).

9

2.5 OPTICALLY STIMULATED LUMINESCENCE GEOCHRONOLOGY
This research used optically stimulated luminescence (OSL) geochronology data to
determine incision, uplift, and deformation rates for different reaches of the Puna-Tsang Chhu in
western Bhutan. OSL is used to determine burial ages of sediment samples such as quartz-rich
fluvial sand. OSL is very similar to thermoluminescence (TL), as both methods are based on
electron displacement into crystal lattice defects due to radiation from the surrounding
environment (Galovic et al., 2009), or from external sources such as cosmic rays and sunlight
(Faure, 1986). These displaced electrons attain potential energy when trapped. When exposed
to heat (TL) or light (OSL), the electrons release this energy in the form of light as they return to
their ground states. The luminescence produced when exposing the sample to light is measured
to determine the accumulated radiation dose, which will be proportional to the time since burial
(Faure, 1986). An important parameter needed to determine burial dates from the accumulated
dose is the annual radiation dose, which can be determined by measuring the concentrations of
U, Th, and K in the sample and its surroundings (Faure, 1986). The accumulated radiation dose
(Daccumulated), and annual radiation dose (Dannual) are related to the time since burial (t) (Faure,
1986) in the following manner:
t=

Daccumulated
Dannual

(3).

OSL dates for this study are used to date fill events, determine fill rates, and date terrace
€
formation. Such geochronologic
data can be used to strengthen stratigraphic interpretations,

correlate terrace levels, and constrain terrace formation ages.
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3. METHODS
As described in the background section, a variety of geologic, geomorphologic,
geochronologic, and land surveying methods are used in this research. This section explains in
detail how I applied, integrated, and, in few instances, expanded upon these methods in order to
determine the nature of PT2a and PT2b and the tectonics of western Bhutan.
3.1 FIELD WORK
I used RTK GPS survey equipment by TOPCON – including two GB 1000 geodetic
receivers, one FC 250 data logger, and TopSURV 7 software – to collect point location data
(latitude, longitude, and elevation) for terrace treads and the modern river in the Puna Tsang
Chhu (Figure 4). Simultaneously, I constructed a geomorphic and bedrock geologic map of the
same area based on field observations (Plate 1). The field mapping allowed me to carefully
select features to survey, ensuring that I digitized every terrace level. The field observations also
helped to ensure that the terrace correlations made with the survey data are accurate by
establishing relationships of superposition.
In the field, RTK GPS data points were collected in two ways. One method was to
occupy the terrace level with the rover GPS and record the location directly. The second method
was to fix the location of the rover GPS and measure foresight data to a remote offset point. The
foresight data included the bearing, zenith angle, and slope distance between the occupied
location and the offset point. These measurements were collected with a LaserCraft Contour
XLRic handheld laser rangefinder. Post-processing of the offset data with the precise RTK GPS
location of the rover was used to compute the geographic position of the remote point.
Approximately 90% of the survey data was collected as offset points shot with the laser range
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finder. See Appendices A and D for more details on the RTK survey data and processing,
including raw data and software tools.

3.2 OSL GEOCHRONOLOGY
I collected 8 samples in the Puna Tsang Chhu for OSL dating. Sand samples were
collected using a section of 1 ½ ” opaque PVC pipe to minimize light contamination. The
approach was to first clear 4 to 20 cm of exposed sand from the outcrop at the sample site. Then
one end of the PVC pipe was capped, and the open end of the tube was driven into the outcrop
with a hammer (Figure 5). The sand surrounding the tube was then removed, the tube containing
the core sample was extracted, and the open end was capped. The end caps were then firmly
secured with duct tape. Finally, the tube was labeled and carefully stored in a lightproof bag. In
addition to the core sample, a plastic sandwich bag with sand from the outcrop was collected for
mineralogical and grain size analyses and to determine the ambient radiation dose. A watertight
film canister of sand from the sample collection site was also collected in order to determine the
moisture content of the sample. This is important because water can strongly influence the
radiation dose (Galovic, et al. 2009).
Dr. Shannon Mahan of the USGS Luminescence Dating Lab in Denver performed the
OSL sample preparation and analyses. She completed 4 samples in time for writing this thesis
(Table 1; see Section 5.1). These dates provide maximum ages of deposition for each sample.
These, in turn, can provide maximum or minimum ages for the terrace treads that have incised
into the deposits.

For example, the depositional age of sediments below a particular terrace

tread is a maximum age for that terrace.
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3.3 QUANTITATIVE GEOMORPHOLOGY
In order to reconstruct paleo-river profiles I formulated a procedure for systematically
“retro-deforming” terrace profiles. I first quantified the processes contributing to riser height.
These processes include incision in response to erosion, localized uplift (resulting, for example,
in rotation), and long-surface surface uplift. With this method, I construct longitudinal profiles
of the paleo-river channel and terraces for each time step. For the reconstruction of paleo-river
profiles, and application of the geomorphic indices, I use the following nomenclature:
•

‘tn’ denote terrace tread levels, where n = 0,1,…, 6. For example, t0 is the modern
river channel, and t1 is the terrace level above t0.

•

‘Tn’ is the time when the river occupied terrace level n, where n = 0,1,…, 6. For
example, T1 is the time at which the river is at t1.
Three processes contribute to the height of a given terrace riser, e.g. the vertical distance

between tn and tn-1. These processes are incision, localized surface uplift (resulting in rotation),
and long-wavelength surface uplift (Figure 6). This relationship is given by:

ΔE t = Iev + Ir + Isu
(4),
where ∆Et is the vertical difference in elevation between any given terrace and the modern river,
Iev is the vertical component of river incision, Ir is localized surface uplift, and Isu is long€
wavelength surface uplift. It is important to realize that rivers incise perpendicular to their bed.
Because of this, I had to calculate the vertical component of river incision (Iev).
Iev, is estimated by analyzing the stretch of river between 70 and 80 km downstream of
the headwaters (Plate 1). Along this stretch, the elevation difference between tn and the modern
river is approximately constant and is also a minimum compared to other reaches of the river
(Figure 9). Furthermore, this stretch does not appear to have suffered localized tectonic uplift
since back-tiled terraces treads and knickpoints, are not evident. Because erosional incision
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should be spatially uniform – if all other factors are equal (e.g. lithology, climate) – the uniform
vertical elevation difference between the river and a given tread along the 70-80 km reach is used
as an estimate of Iev, and is applied uniformly along the longitudinal profile of the river using
equation (4).
Evidence for localized deformation, resulting from either faults or folds, is seen in two
locations along the Puna Tsang Chhu. One is at 55 km downstream, near PT2a (Plate 1), while
the other is at 90 km downstream, near Wangdu (Plate 1). At both of these locations, field
observations show back-tilted fluvial sediments (e.g. Figure 11) and warped terrace treads (e.g.
Figure 4) (see Section 4). In order to calculate the component of riser height resulting from this
deformation (Ir), the terrace profiles were ‘un-rotated’ using 2D Move software
(http://www.mve.com/). This is done using the flexural slip mode in the structural modeling
menu of 2D Move. This tool can be used to construct and retro-deform user-defined crosssections, and, in this case, terrace profiles. Data files and analytical procedures used for doing
this analysis are provided in Appendices B and E.
The first terrace profile to be un-deformed was the youngest, t1, followed by t2 and
continuing until t6. For a given time Tn, the terrace profile tn is retrodeformed such that any
backrotation is removed. This amount of retrodeformation is also applied to every other terrace
profile younger than tn i.e. tn-1, tn-2, etc. After the retro-deformation in 2D Move is complete for a
given time Tn, the un-rotated profiles are then exported into MATLAB. In MATLAB the unrotated profiles are subtracted from the original profiles to yield Ir. Since at this point both Iev
and Ir, have been accounted for, any residual elevation difference between the tn profile and the
profile of the river at that time is taken as Isu. This procedure is repeated iteratively for all times
Tn in order to calculate the three components that contribute to ∆Et for every terrace profile,
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starting from the youngest, t1, through the oldest, t6.. In the process of quantifying the three
incision components, paleo-river profiles are reconstructed for times Tn using MATLAB. See
Appendices B and D for more information on the MATLAB tools used.
I then applied the stream length-gradient index (SL) and slope gradient index (S) to the
modern river and reconstructed paleo-river profiles. These indices are calculated from the
modern and paleo-profile longitudinal profile data (elevation vs. downstream distance) using
Microsoft Excel (see Appendices C and F). I calculated SL and S for 10-km reaches, 5 km
upstream from the point being analyzed to 5 km down stream of that point. This is done at 1-km
intervals along the length of the longitudinal profile of the survey.
Another geomorphic index applied to the modern topography is the area of relief (Ar)
index (Troiani and Della Seta, 2008) that was calculated using MATLAB (see Appendices C and
F). Ar was calculated from the 90-m resolution Shuttle Radar Topography Mission (SRTM)
digital elevation model (DEM) (Farr and Kobrick, 2000). First the highest and lowest elevations
were located in every square kilometer of the DEM.

The difference between these two

elevations is the relief in meters. The resulting color-coded Ar map (Figure 16) can be used to
determine areas experiencing different uplift rates.

15

4. FIELD OBSERVATIONS ALONG THE PUNA TSANG CHHU VALLEY
We mapped the geomorphology and the geology of a 60-km long stretch of the Puna
Tsang Chhu (Plate 1). The southernmost section of the research area, south of PT2b, contains
minimal fluvial deposits and is the steepest-sided and narrowest canyon in the research area, in
places only 0.5-km wide yet more than 200-m deep. This valley form is maintained northward
until the town of Wangdu, which is located at the confluence of the Puna Tsang Chhu and the
Dang Chhu (Plate 1). North of Wangdu, and extending to Punakha, is the Puna Tsang Chhu
intermontane valley. The Puna Tsang Chhu valley is up to 5 km wide and contains abundant
fluvial, lacustrine, and landslide deposits. Within the Puna Tsang Chhu valley north of the town
of Sosokha (Plate 1), there is a 1-km long narrow canyon that separates the northern part of the
Puna Tsang Chhu valley from the southern part. The Puna Tsang Chhu valley terminates 5 km
north of the town of Punakha at the confluence of the Mo Chhu and Pho Chhu (Plate 1). Along
the Mo Chhu 5 km north of Punakha, the river valley once again becomes a narrow canyon with
multiple rapids, few alluvial deposits, high relief, and steep channel gradients. Near the town of
Amrimo, the northernmost extent of the research area – and continuing to the north – there are
frequent rapids and cataracts along the Puna Tsang Chhu, accompanied by landslide deposits and
localized sandy-gravel deposits.
4.1 BEDROCK GEOLOGY AND FLUVIAL GEOMORPHOLOGY
Overall, the geology of the Puna-Tsang Chhu valley is rather simple (Figure 1). The
bedrock is entirely composed of the Greater Himalayan Sequence (GHS) (Gansser, 1964),
including orthogneiss, quartzite, schist, and occasional leucogranitic bodies. I located three
faults in the area (Plate 1). The southern most is the Wangdu thrust fault. It dips 20o to the south
and strikes east (Figure 7). The hanging wall contains high-grade orthogneiss with leucogranite
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dykes and occasional muscovite-biotite-garnet schist, and the footwall is composed of quartzite
and two-mica schist. The kinematics of the fault are determined by analyzing fold geometries
and sigma clasts in the footwall (Figure 8). Anticlinally folded fluvial terraces and back-tilted
fluvial sediments are located in the vicinity of the Wangdu thrust fault and, along with the
quantitative geomorphology results (see Section 5.3), suggest its recent activity.
Near the village of Sosokha, a steeply (85°) south-dipping, east-west striking normal fault
was mapped (Plate 1 and Figure 9). This structure, the Sosokha fault, is well exposed in road
cuts with abundant outcrops of cataclastically deformed GHS rocks. Slickensides and chattermarked surfaces indicate that this is a dip slip fault and that the southern block is the hanging
wall (Figure 9). While there was no geomorphic evidence in the field that indicated recent
activity, the Sosokha fault strikes perpendicular to the Puna Tsang Chhu valley and marks a
strong contrast in valley morphology and seems to be a major control on sedimentation in the
Puna Tsang Chhu valley. North of the fault, in the footwall, is a narrow bedrock canyon, while
the main part of the Puna Tsang Chhu valley lies to the south, in the hanging wall.
The northernmost fault is located near the town of Amrimo. The Amrimo fault (Figure
10) dips 58 o to the south, strikes east west, and marks a significant change in the character of the
Mo Chhu tributary of the Puna Tsang Chhu. Immediately south of the Amrimo fault, the
gradient of the river is steep and the riverbed is a bedrock channel cut into the GHS. In contrast,
the river north of this fault has a gentle gradient with an alluviated riverbed of sandy gravel.
4.2 FILL UNIT STRATIGRAPHY
The intermontaine valley of the Puna Tsang Chhu between PT2a and PT2b is filled with
landslide, fluvial, and lacustrine deposits (Plate 1).

Three fill units are defined.

The

stratigraphically oldest fill unit is the Wangdu Formation (Figure 11). This gravel is more than
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15-m thick. It is a sequence of debris flows and fluvial gravels with intercalated paleosols. The
debris flows may be related to the devastating glacial lake outburst floods (GLOFs) that
periodically flow down the river valleys in Bhutan (e.g. Motegi, 2001). The debris flows in the
Wangdu Formation (Figure 12) contain sub-angular boulders of GHS rocks within a very coarsegrained, sandy matrix. Gravel beds contain rounded cobbles originating from the GHS and
occasional sand lenses that vary in thickness from 10 cm to 4.5 m, and in length from 2 m to 200
m (Figure 5). These lenses are composed of slightly oxidized, medium- to coarse-grained sand.
There are several locations were the Wangdu Formation does not crop out, particularly in
locations where the Puna Tsang Chhu flows through steep canyons north of PT2a and south of
the Wangdu thrust fault and PT2b.
A very distinct massive sand unit, the Sosokha sand (Figure 13), is part of the Wangdu
Formation (see Section 5.1) and is 4.5-m thick with grain size varying from coarse to medium.
This sand includes three upwards coarsening, medium- to very coarse-grained sequences. Each
of these sequences is a 1.5-m thick varved bed of sand that lack ripples or cross-beds. This
suggests that the Sosokha sand was deposited in a lacustrine environment. The Sosokha sand is
located in the northern part of the Puna Tsang Chhu valley, immediately south of Punakha (Plate
1).
The next youngest stratigraphic fill unit in the valley, deposited on top of the Wangdu
Formation, is the Dragon’s Nest Formation (Figure 14). This is a succession of deep red, heavily
oxidized landslide deposits, which are at least 12-m thick. The Dragon’s Nest Formation is
derived from the GHS, and inter-fingers with the Wangdu Formation.

Younger landslide

material fingers farther into the Wangdu Formation compared to the older landslide deposits.
Thus, the Dragon’s Nest Formation was deposited during the same aggradational phase as the
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Wangdu Formation and Sosokha sand. The fill surface of the Dragon’s Nest Formation is
occasionally preserved along the Puna Tsang Chhu valley as t6.
The stratigraphically youngest fill unit, the Punakha Formation (Figure 15), is inset into
the Wangdu Formation. The Punakha Formation is at least 8-m thick and is composed of fluvial
sands and gravels. It is easily distinguished from the Wangdu Formation because it is better
sorted, and it is less oxidized than the Wangdu Formation. The Punakha Formation is similar to
the Wangdu Formation in that it also contains cobble-sized clasts of GHS. The upper section of
the Punakha Formation is a deposit of medium-grained cross-bedded sand, capped by lacustrine
deposits. This uppermost stratum of the Punakha Formation is a distinct 2-m thick, clay-rich
varved lacustrine sand. The top of the Punakha Formation is preserved as fill surface terrace t2b.
4.3 TERRACE STRATIGRAPHY
I surveyed a flight of seven fluvial terraces in the Puna Tsang Chhu valley (Plate 1 and
Figure 4). These terraces are landforms that mark the uppermost level of aggradational units (fill
terraces), the lowest level of incision into alluvial deposits (cut terraces), or the lowest level of
incision into bedrock, (strath terraces). The terraces are numbered from youngest to oldest, with
the youngest terraces being closest to the modern river level and oldest terraces stranded highest
above the modern river level. Equivalent terrace treads were correlated to one another in the
field using two criteria: (1) relative height above the modern river; and (2) the amount of soil
development.
The oldest terrace, t6, is the highest above the Puna Tsang Chhu, at 80 m and represents
the fill surface for the Dragon’s Nest Formation. The second oldest terrace, t5, is 55 m above the
river and is a cut terrace incised into both the Wangdu Formation and the Dragon’s Nest
Formation. Approximately 34 m above the modern river is t4. The t4 terrace tread is cut into the
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Wangdu Formation and the Sosokha sand, and the latter is exposed between t5 and t4. A
prominent strath surface, t3, is found 23 m above the river, and is cut into both bedrock and the
Wangdu Formation. Approximately 7 m above the modern river is t2b, which is the fill terrace
for the Punakha Formation. Two terraces incised into the Punakha Formation, t2 and t1, and they
are 5 and 2 m above the river, respectively. The t1 terrace level is frequently preserved a strath
terrace incised into bedrock. Although not strictly-speaking a terrace, the high-water mark of the
modern river is also a prominent, mappable geomorphic marker and is denoted t0. It is cut into
the Punakha Formation, but also forms bedrock strath terraces in places where the river is a
bedrock channel.
Unlike the modern flood zone (t0), t1 has a well-developed soil that sustains grass. The
soil on t2 is further developed and sustains small trees. The older terraces, t1 and higher, all have
similar soil development that sustains both underbrush, and large trees.

These soils are

progressively more mature, culminating in the deeply oxidized oxisols associated with the
Dragaon’s Nest Formation.
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5. RESULTS
5.1 OSL GEOCHRONOLOGY AND CONSTRAINTS ON BASIN EVOLUTION
Four OSL samples were collected and analyzed: 09PC01L, 09PC02L, 09PC03L, and
09PC04L (Table 1). Two OSL samples were obtained from the Wangdu Formation south of
PT2b: 09PC01L and 09PC02L (Plate1). Both of these samples were collected from coarsegrained sand lenses within a series of debris flows in an attempt to calculate fill rates for the
upper Wangdu Formation. The outcrop where samples 09PC01L and 09PC02L originated from
is a fresh road cut (Figure 12) on the western slope of the Puna Tsang Chhu valley.
Samples 09PC01L and 09PC02L yield identical dates within uncertainty: 09PC01L is
12.1 ± 0.97 (1-σ) ka old, while 09PC02L is 11.5 ± 0.54 (1-σ) ka old (Table 1). These dates set a
minimum age constraint for the Wangdu Formation of ca. 12 ka.
Two OSL samples from the lower Wangdu Formation were collected between PT2a and
PT2b north of Wangdu: 09PC03L and 09PC04L (Plate 1). Sample 09PC03L was collected at a
road cut exposing the Wangdu Formation on the western side of the Puna Tsang Chhu valley
(Plate 1 and Figure 5). This sand is deposited noncomformably on top of a bedrock knob and
represents the stratigraphically lowest part of the Wangdu Formation that was sampled.
Sample 09PC03L yielded an age of 18.8 ± 0.6 (1-σ) ka (Table 1), and provides a
maximum age for the onset of the deposition of the Wangdu Formation.
Sample 09PC04L was collected from the Sosokha sand on the east side of the Puna
Tsang Chhu valley, directly across from 09PC03L (Plate 1). This sample was collected in order
to determine the stratigraphic relationship between the Sosokha sand and the other fill units, and
to date the localized lake that may have once resided in the Puna Tsang Chhu valley and
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deposited the varved sands present in the Sosokha sand. The age of this lake may coincide with
a glacial lake outburst flood (GLOF) event in the past.
Sample 09PC04L yielded an age of 17.6 ± 1.47 (1-σ) ka (Table 1). Because it is
intermediate in age compared to the two samples obtained from the uppermost Wangdu
Formation (09PC01L and 09PC02L; ca. 12 ka) and the sample obtained from the lowermost
Wangdu Formation (09PC03L; ca. 18.8 ka), this age suggests that the Sosoka sand is
intraformational to the Wangdu Formation and that the entire package was deposited between 18
ka and 12 ka. It is possible that a major GLOF event at ca. 17 ka deposited the Sosoka sands.
Deposition rates were calculated using the ages of two OSL samples, 09PC03L and
09PC04L.

Sample 09PC04L was deposited ca 6.8 ka after sample 09PC03L, and the

stratigraphic distance between these samples is 9 m (Figure 21). Therefore, an aggradation rate
for the deposition of the Wangdu Formation can be calculated by dividing the stratigraphic
distance between the two samples by the difference between their ages of deposition. The rate of
deposition calculated in this manner for the Wangdu Formation is ca. 4.75 mm/yr.
Based on field observations, the Dragon’s Nest Formation is at least 12 m thick. The
duration of the time interval during which this formation was deposited can be estimated by first
calculating how many years it would take to deposit 12 m if the aggradation rate for the
Dragon’s Nest Formation was the same as the Wangdu Formation (i.e. 4.75mm/yr). Under this
asumption, it took ca 1.6 ka to deposit the Dragon’s Nest Formation. This means that the fill
surface for the Dragon’s Nest Formation, t6, is ca. 1.6 ka younger than top of the Wangdu gravel
(ca. 12 ka), or ca. 10.4 ka. This is also an estimate for the maximum age of all the other terrace
levels mapped along the Puna Tsang Chhu. Similarly, 10.4 ka is a maximum age for the
Punakha Formation.
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5.2 QUANTITATIVE GEOMORPHOLOGY
Geomorphic indices were used to quantify the geomorphology of the Puna Tsang Chhu
valley. SL and S were applied to both the modern river profile and to paleo-river profiles
obtained from the river terraces. The third geomorphic index, Ar, was used to distinguish SL and
S anomalies caused from tectonics from those caused by climate or lithology.
For the SL analysis it is important to remember that a higher value indicates over
steepening of the river profile, which can indicate greater relative uplift rate. The results of the
SL index (Figure 17) show that the SL values along the Puna Tsang Chhu range from 0 to nearly
3000 m. The highest SL values – and, thus, greatest relative uplift rates – are found between the
Wangdu thrust fault and PT2b (Figure 17). The lowest SL values are between PT2a and Sosokha
(Figure 17). Therefore the river between PT2a and Sosokha experienced the smallest relative
uplift rate. North of PT2a and south of PT2b are both areas with intermediate SL values (Figure
17) and, therefore, intermediate relative uplift rates.
The results of the slope gradient index, S, of the modern profile of the Puna Tsang Chhu
are more complex (Figure 18). Recall that S can be used as a proxy for river profile concavity.
A concave profile (S > 0) indicates decreased uplift rate downstream, while a convex profile (S <
0) indicates increased uplift downstream. Between PT2a and 3.7 km downstream of PT2a
(Figure 18), the river profile is strongly concave, indicating that uplift decreases downstream
along this stretch. The profile continues to be concave southward until the town of Sosokha
(Figure 18). Between Sosokha and 4 km south of the Wangdu thrust fault (Figure 18), the
profile is convex. Therefore, uplift increases downstream across this interval. From 4 km south
of the Wangdu thrust fault and continuing to the south, the profile of the river is concave,
meaning that uplift again decreases downstream.
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In order to confirm that they are the result of spatial variations in uplift rate, the spatial
patterns in S and SL were compared to a map of Ar (Figure 16). Recall that high Ar values
correspond with high relative uplift rate (Troiani and Della Seta, 2008). The range of Ar values
in western Bhutan is between 100-1000 m. The lowest of these Ar values, less than 100 m, are
located along the Puna Tsang Chhu between Wangdu and PT2a. The highest, up to 900 m, are
found both north of PT2a and south of Wangdu. This relief pattern mirrors the slope pattern
depicted in the hill-slope map in Figure 3 (Tobgay, 2005). The area south of PT2b has high Ar
values (and high relief and steep slopes), there are low Ar values (and lower relief and gentler
slopes) between PT2a and PT2b, and the area north of PT2a has high Ar values (and high relief
and steep slopes). The transition across PT2a is different than that across PT2b. High Ar values
south of PT2b gradually decrease into low Ar values north of Wangdu, suggesting a gradual
decrease in uplift rate across the boundary coincident with the distinct zone of intermediate Ar
values between PT2b and Wangdu (Figure 16).

In contrast, there is an abrupt, northward

increase in Ar across PT2a, suggesting a similarly abrupt discontinuity in uplift rates (Figure 16).
These results support the interpretation of the anomalies found in the SL and S analyses as being
the result of spatial variations in uplift rate associated with PT2a and PT2b.
To explore how these spatial variations in uplift rate at PT2a and PT2b might have
evolved over time, the SL and S indices are also calculated for the six paleo-profiles constructed
using 2D Move and MATLAB (see Section 3.3). Recall that each paleo-profile represents the
river profile at the time when the river occupied each of the six terrace levels. With these paleoriver profiles I tracked anomalies in SL (Figure 19) and S (Figure 20) through time, which, in
turn, enhanced my understanding of the tectonic evolution of the Puna Tsang Chhu valley.
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The best way to present the results of the paleo-stream length gradient index and paleoslope gradient index is to analyze the indices at a given point through time (Figure 19 and Figure
20). This is done at four locations: 50-, 70-, 90-, and 100-km downstream of the headwaters of
the Puna Tsang Chhu. The first location, 50 km, is representative of the stretch of river north of
PT2a. The second location, at 70 km, is representative of the intermontaine valley between PT2a
and PT2b. The geomorphic indices at the third and fourth locations – 90 km and 100 km,
respectively – define the geomorphology associated with PT2b. The point at 90 km was chosen
to be in the hanging wall of the Wangdu Thrust fault and the point at 100 km is in the footwall.
With the paleo-SL analysis, I track river gradient anomalies through time (Figure 19). At
50 km downstream, SL values are moderate and range between 900 and 1200 m from T5 to T0
time. This relatively tight range of SL values indicates that the river gradient remained relatively
constant over time. The smallest SL values are found at 70 km downstream from the headwaters
of the Puna Tsang Chhu, and they range between 100 and 250 m. These values are also
relatively constant over time, and indicate that the stretch between PT2a and Wangdu had a
consistently gentle stream gradient through time. In the footwall and hanging wall of the
Wangdu thrust fault, at 90 and 100 km downstream, respectively, SL values have been
consistently high (up to 2400 m). The SL value in the footwall of the Wangdu thrust fault, at 90
km downstream, increased from 1850 m at T6, to a peak of nearly 2500 m during T1 time (it is
currently 2300 m). Thus, the river profile of the Puna Tsang Chhu at 90 km downstream
steepened steadily through time. In the hanging wall of the Wangdu thrust fault, at 100 km, SL
values have remained constant through time.
With the paleo-S analysis, I track river concavity anomalies through time (Figure 20). At
50 km downstream, the river profile has remained strongly concave through time (S ~ 10)
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(Figure 20). This means that, since T6 time, the spatial pattern of uplift here has been one of
decreasing uplift downstream. At 70 km downstream from the headwaters of the Puna Tsang
Chhu, S has consistently been near zero in value, indicating that this segment of the river
experienced spatially uniform uplift over time (Figure 20). At 90 km downstream, S values have
been negative (as low as -27) throughout the T6-T0 time interval, indicating that the prominent
convex knickpoint, and concomitant spatial increase in uplift rate downstream, at PT2b has
persisted through time (Figure 20). It is interesting to track S values in time at this locality
because they become less negative between T6 and T0 time, implying that the convexity of the
profile has decreased in that time interval.

Although uplift rates have always increased

downstream along this stretch, this spatial pattern has also become diminished over time.
Conversely, S values in the hanging wall of the Wangdu thrust fault, at 100 km downstream,
have been strongly positive (Figure 20). This indicates that the river profile has been concave
throughout the T6-T0 time interval and that uplift rates have decreased downstream throughout
this interval. S values at 100 km downstream, however, have become less positive over time.
Therefore, according to this analysis, uplift associated with both the footwall and hanging wall of
the Wangdu thrust fault in the vicinity of PT2b has decreased over time whilst uplift around
PT2a has remained steady through time.
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6. DISCUSSION
Models for the geomorphic and tectonic evolution of the Puna Tsang Chhu Valley can be
made based on the geologic observations and geomorphic analyses. The discussion starts with a
scenario for the aggradational and incisional history of the area. An understanding of the spatial
and temporal variations in these processes and how they relate to uplift patterns is provided by
the geomorphic index analysis, from which an interpretation of the tectonics of the area is made.
6.1 PATTERNS OF INCISION AND DEPOSTION ALONG THE PUNTA TSANG CHHU
Two cut and fill cycles are recorded in the basin fill sediments and terrace stratigraphy in
the Puna Tsang Chhu valley (Figure 21). The first aggradational phase deposited the Wangdu
gravel, the Sosokha sand, and the Dragon’s Nest Formation, a total of at least 38 m of basin fill,
into a pre-existing valley of unknown age. This phase of aggradation began with deposition of
the Wangdu Formation at some time prior to ca. 18 ka and continued to 12 ka at which point the
Dragon’s Nest Formation began to be deposited, culminating in the t6 fill terrace surface. These
fill units are prominent in the valley between the Wangdu thrust fault and PT2a, while fill
deposits are rare both north of PT2a and south of PT2b. Given this spatial pattern of deposition,
it can be inferred that the river profile between PT2b and PT2a was relatively gentle causing a
decrease in stream power and therefore promoting fluvial deposition throughout the evolution of
the Puna Tsang Chhu valley.
After the deposition of these three units – at some time after ca. 10.4 ka – a major
incision event occurred that cut at least 57 m into the basin fill. This event cut terrace levels t5,
t4, and t3 into the Wangdu and Dragon’s Nest Formations. This was followed by a second
aggradational phase that deposited the > 8-m thick Punakha Formation up to the t2b fill surface.
Following the deposition of the Punakha Formation, the second (and currently ongoing) incision
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event began. This incision has cut t2, t1 and the modern river channel into both the Punakha
Formation and bedrock.
A rough estimate for the average incision rate of the Puna Tsang Chhu can be estimated
using the geochronologic control provided by the OSL samples. As just described, t6 is roughly
10.4 ka in age and about 80 m above the modern river, so the Puna Tsang Chhu has incised at
least 80 m in the past 10.4 kyr at a rate of 7.7 mm/ yr. However, this average rate does not take
into account the distance the river incised below t3 during the first incision event, or the time it
took to deposit the Punakha Formation.
A spatial pattern of incision along the Puna Tsang Chhu can be defined semi-qualitatively
by examining, for example, the elevation differences between terraces (Figure 6) and can be
defined more quantitatively using geomorphic indices (c.f. Section 5.2; Figures 16, 17, and 18).
For example, the elevation difference between t1 and t4 near PT2b is approximately 90 m, but the
elevation difference between these same terraces is less than 30 m between Wangdu and PT2a.
North of PT2a these terraces are separated by more than 40 m of elevation. A similar pattern –
of high riser heights south of PT2b, low riser heights between PT2a and PT2b, and intermediate
riser heights north of PT2a – is seen between each consecutive terrace profile. Given these
observations, incision can be inferred to be greatest near PT2b, intermediate north of PT2a, and
minimal between Wangdu and PT2. This is the same pattern revealed by the geomorphic index
results described in Section 5.2 (Figures 16, 17, and 18).
6.2 TECTONICS OF THE PUNA TSANG CHHU VALLEY, AND WESTERN BHUTAN
Four distinct tectonic zones can be defined along the Puna Tsang Chhu (Table 1 and
Figure 22).

Zone A includes the entire extent of the research area north of PT2a, and a

representative point is at 50 km downstream of the headwaters of the Puna Tsang Chhu (Plate 1).
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Zone A has a moderate SL value and a moderately high S value, thus the river profile is
moderately over-steepened and is concave. A concave profile is produced by a downstreamincrease in uplift.
Zone B is between PT2a and the Wangdu thrust fault (Plate 1). A representative point for
is at 70 km downstream of the headwaters of the Puna Tsang Chhu. SL values across zone B are
very low, with values close to zero. Thus, this reach has a gentle river profile slope and a graded
stream profile, which suggests that zone B experienced less relative uplift rate compared to the
three other zones.
By comparing the SL index in zone A with that in zone B, I conclude that zone A, north of
PT2a, has a steeper profile than zone B, south of PT2a. This trend has been present at times in
the past, as seen in the paleo-SL and paleo-S indices. The Ar values suggest that the steepened
river profile in zone A is produced by higher uplift relative rate as compared to zone B. The
difference in relative uplift rate across PT2a must be accompanied by a structure, likely a fault
because of the abrupt transition in the S, SL, and Ar index values, with the north side uplifted at
PT2a. Furthermore, SL and S, are both constant through time in both zone A and zone B (Figure
19 and Figure 20).

This indicates that the tectonic activity associated with PT2a has not

increased or decreased in time.
Zone C is located from the Wangdu thrust fault south until PT2b. Zone C has high SL
values, and thus is an over-steepened reach. The high Ar values suggest that this steep river
profile is produced by higher uplift rates relative to zone B. The S values are negative at the
northern end of zone C and positive at the southern end. This means that, from north to south,
uplift rate first decreases downstream and then begins to increase downstream. SL values have
remained steady over time in zone C (Figure 19), while very low S values at the north end of
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zone C have increased over time, and very high S values at the south end of zone C have
decreased over time. These systematic spatial and temporal changes indicate that the high
relative uplift rates around PT2b decreased over time.
Zone D starts at PT2b and continues to the Main Central Thrust (MCT). The geomorphic
index values and patterns for this zone are similar to those that characterize the southern end of
zone C. High SL and S values indicate that the profile is steep and strongly concave. The Ar
index suggests that decelerating tectonic uplift produces this steep river profile. In zone D SL
values have remained steady over time while the S values have decreased over time (Figure 19
and Figure 20). Thus, uplift has slowed down across zone D much in the same was as it has in
the southern end of zone C.
The similar uplift trends across zones C and D suggest that these two zones are
experiencing uplift from a similar source. The gradual changes in SL, S and Ar across both zones
also indicate that there is a long-wavelength increase in uplift from the Wangdu thrust fault and
extending to the south of PT2b. It also seems that PT2b is not the location of a day-lighting fault
because S, SL, Ar, stream gradient, and terrace riser heights all transition gradually across PT2b.
This line of reasoning links modern geomorphic indices, paleo-geomorphic indices, and
field observations, and it is the basis for my tectonic model of western Bhutan (Figure 22). As
demonstrated by the geomorphic index calculations, uplift rates do in fact vary along the profile
of the Puna Tsang Chhu. Zone D has the highest relative uplift while zone B has the lowest. In
zone A north of PT2a, the uplift rate is less than that in zones C and D to the south.
The possible fault at PT2a must have a certain qualities in order to explain all the SL, S,
and Ar anomalies. First, the north side must be uplifted relative to south of PT2a. Second, the
fault should strike parallel to the trace of PT2a, or east-west. Recall that out-of-sequence activity
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has been documented along the north-dipping Kakhtang Thrust fault (KT) in Bhutan (e.g. Grujic,
et al., 1996) (Figure 1). The KT has been mapped in eastern Bhutan (e.g. Grujic et al., 1996),
and if its mapped trace is projected to the west, it would cross the Puna Tsang Chhu at
approximately the same latitude at PT2a (Figure 22). It is interesting to note that the timeinvariant paleo-SL and paleo-S indices (Figure 19 and Figure 20) indicate that the fault at PT2a
has been recently active and may have continued to be active to the present day. This is new
evidence for Quaternary – and potentially Holocene – activity on the KT.
The geologic structure forming PT2b must also meet specific criteria in order to explain
the spatial trends in uplift I document across this physiographic transition. First, the structure
should produce a long-wavelength increase in relative uplift rates to the south across PT2b.
Second, the structure should strike roughly parallel to the trace of PT2b, or east-west. Recall that
the prominent geologic structure at the contact between the GHS and the LHS is the Main
Central Thrust Fault (MCT), which has had some recent, out-of-sequence tectonic activity in
Nepal (e.g. Wobus et al., 2005). Tobgay (2005) also suggests that there is a ramp in the MCT in
western Bhutan. The long-wavelength increase in uplift across PT2b seen in the Ar, SL and S
indices (Figures 16, 17 and 18), can be explained by a ramp-flat geometry in the MCT (Figure
22) because such a fault geometry is predicted to yield long-wavelength trends in surface uplift
(e.g. Twiss and Moores, 2007). The Wangdu thrust could also be explained as fault antithetic to
the ramp in the MCT (Figure 22). While the modern SL and S indices – and their association
with Ar anomalies – imply recent activity at PT2b – interpreted to be the result of the MCT ramp
– the paleo-SL and paleo-S analysis show trends that indicate decreasing tectonic activity
between T5 and T0 times (Figure 19 and Figure 20).
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From this research, it seems likely that tectonic activity along the fault forming PT2a, the
KT, is steadily active while motion along a ramp in the MCT, which created PT2b and caused
the Wangdu thrust fault, has diminished in time. This out-of-sequence thrust activity along the
KT and MCT is a significant find concerning the geology and tectonics of Western Bhutan.
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7. CONCLUSION
The physiographic transitions PT2a and PT2b described by both Duncan et al. (2003) and
Tobgay (2005) are tectonic in origin and the result of out-of-sequence thrust faults. It is the
combination of these two faults, not seen together in Nepal, that have created the unique flat
topographic bench that strikes east-west across western Bhutan (Figure 3).
Evidence suggesting that PT2a is a fault includes abrupt changes in SL, S and Ar, which
all indicate that the area north of PT2a has higher uplift rates than the area south of PT2a.
Although there are limited geochronologic data to suggest varying uplift rates across PT2a, other
evidence do support a recently active structure at PT2a.

This evidence includes fluvial

knickpoints, increased riser heights north of PT2a, a steepened profile north of PT2a, and a
strongly concave profile immediately south of PT2a. As the SL and S indices are tracked in time
across this physiographic transition it is apparent that the steepness and concavity of the profile
of the Puna Tsang Chhu remained constant through time. This is interpreted to mean that the
fault at PT2a has not slowed through time. Regional geologic mapping also shows that the
Kakhtang Thrust fault strikes roughly parallel, and near to, PT2a. Therefore, active out-ofsequence tectonic activity along the KT is suggested as the cause of the physiographic transition
PT2a.
Evidence to support that out-of-sequence tectonic activity at PT2b includes includes
fluvial knickpoints, increased riser heights south of PT2b, a steepened profile south of PT2b, and
strongly convex and concave reaches across the Wangdu thrust fault and PT2b. As the SL and S
indices are tracked in time across this physiographic transition, it is apparent that the steepness
and concavity of the profile of the Puna Tsang Chhu has declined through time. This is
interpreted to mean that the structure producing PT2b has slowed.
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Regional geologic

relationships also show that the Main Central Thrust fault strikes roughly parallel to the trace of
PT2b and may have a ramp located below PT2b.

Therefore, decelerating out-of-sequence

tectonic activity along a ramp in the MCT is suggested as the cause of the physiographic
transition PT2b.
The tectonics of western Bhutan as determined by the tectonic geomorphology of Puna
Tsang Chhu, have numerous scientific and social implications.

Scientifically, the out-of-

sequence thrusting along the MCT and the KT suggests that exhumation of the GHS along the
crustal channel (e.g. Grujic et al., 1996) may be an ongoing process in the Bhutan Himalayas.
Socially, the potential for Quaternary, if not Holocene, out-of-sequence thrust motion along the
KT may pose significant seismic hazards for the Kingdom of Bhutan as this young country
develops infrastructure.
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Sample

1 (25)

% Water
contenta

3.48 ± 0.13 3.82 ± 0.22 17.3 ± 0.36

3.33 ± 0.13 4.19 ± 0.15 16.9 ± 0.35

0.14 ± 0.01

0.05 ± 0.01

0.08 ± 0.01

6.80 ± 0.08

5.39 ± 0.10

5.69 ± 0.09

5.64 ± 0.09

121 ± 8.32

101 ± 2.83

65.4 ± 2.88

69.6 ± 4.59

15 (20)

18 (20)

18 (20)

16 (20)

nd

17.6 ± 1.47

18.8 ± 0.60

11.5 ± 0.54

12.1 ± 0.97

Age
(ka) e

Table 1: Quartz OSL Ages from the Puna Tsang Chhu Valley Fluvial Terraces, Bhutan. ‘a’ Field moisture, with figures in
parentheses indicating the complete sample saturation %. Ages calculated using approximately 10% of saturation values. ‘b’
Analyses obtained using laboratory Gamma Spectrometry (low resolution NaI detector). ‘c’ Cosmic doses and attenuation
with depth were calculated using the methods of Prescott and Hutton (1994). See text for details. ‘d’ Number of replicated
equivalent dose (De) estimates used to calculate the mean. Figures in parentheses indicate total number of measurements
made including failed runs with unusable data. ‘e’ Dose rate and age for fine-grained 250-180 um quartz sand. Linear + exponential fit used on age, errors to one sigma.

09PC-1L
1 (24)

3.51 ± 0.13 3.37 ± 0.17 13.1 ± 0.33

0.14 ± 0.01

Cosmic dose c
Total Dose Equivalent
additions (Gy/ka) Rate (Gy/ka) Dose (Gy)

09PC-2L
1 (22)

3.22 ± 0.14 5.84 ± 0.20 27.8 ± 0.38

U (ppm)b Th (ppm)b

09PC-3L
1 (21)

K (%) b

09PC-4L
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Figure 1: Geologic map of the Himalayas showing political border of Bhutan in red and research area in black. Modified from map compiled by
McQuarrie et al. (2008).

42

Figure 2: Elevation profiles averaged over 100 km swaths used to compare the topography of
Nepal to that of Bhutan. PT2, in Nepal, marks the boundry between the foreland and the steep
topgraphy of the range. PT2 has been found to be associated with out-of-sequence thrusting
along the MCT (Hodges, et. al., 2001). In Bhutan there are two physiographic transitions, PT2a
and PT2b, which mark a change from steep topography in the south, to a flatter topographic step
between PT2b and PT2a. PT2a again marks a transition back to steep topography. The flat step
between PT2a and PT2b is not seen in Nepal. Like PT2 in Nepal, PT2a and PT2b in Bhutan
may also be associated with out-of-sequence thrusting. Modified from Duncan et al. (2003).
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Figure 3: Map color coded by hillslope steepness in degrees. Dashed lines show
location of the physiograpnic transitions PT2a and PT2b described by Tobgay
(2005). Extent of terrace survey along Puna Tsang Chhu shown as dotted line.

44

1400

50

60

90

Survey Points Projected onto River

80

Major Knickpoints

70

PT2b
Downstream Distance (km)

100

120

t6
t5
t4
t3
t2b
t2
t1
Modern River

110

130

45

1200

1000

800

600

400
40

PT2a

Figure 4: Survey data of seven river terraces along the Puna Tsang Chhu, in western Bhutan. Two prominant knickpoints apparent
in the survey data are labeled. Note the larger riser heights down stream of PT2b, and smaller riser heights upstream of PT2a.
Backtilting of terrace levels between 70 and 90 km downstream is also extensive enough to be seen at this scale (see purple lines).
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Figure 5: Sample site of 09PC03L. Sample taken from a fluvial sand located
immediately above a strath surface that cut into gneiss, and below a veneer of
landlside deposits. This site is just below t4. View to the northwest.
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Figure 6: The difference in elevation between any terrace and the modern river
profile, ∆Et, is the sum of three components of incision. A) Ie is the incision due to
fluvial errosion and is perpendicular to the river profile at any given point. B) Ir is
the vertical incision resulting from localized uplift. C) Isu, or the incision due to longwavelength suface uplift, is the remainder of the elevation difference between a
terrace and the river. D) The sum of Iev, Ir, and Isu equal ∆Et.
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Figure 7: East-west striking, south-dipping thrust fault placing high grade gneiss over quarzite
beds with a top-to-north motion south of Wangdu (Plate1). View to the northeast.
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Figure 8: The footwall of the Wangdu fault is mainly bedded quartzites, shown here. The
kinematic indicators shown here indicate localized zons wih top to the south shear sense.
However, overall fault related folds indicate a top to the north motion, making the Wangdu
fault a localized thrust fault: (see Plate 1). View to the west.
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Figure 9: One of many fault planes found at an extensive exposure of the Sosokha Fault (Plate 1).
Kinematic sense determined by slikensides. View to the north.
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Figure 10: An east-west striking south-dipping normal fault within the Greater Himalyan
Sequence (GHS) near Amrimo (Plate 1). View to the west.
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North

South

Figure 11: Outcrop of the Wangdu Formation. Cobble imbrication (yellow) show flow direction to the south, while gravel bedding (blue) dip to the north. This is evidence for
surface rotation and localized uplift related to similar rotation. View to the east.
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09PC01L
09PC02L

Figure 12: Panorama of the upper Wangdu Formation with sample sites 09PC01L and 09PC02L labeled. Notice the intercalation
between large angular boulder deposits and coarse-grained fluvial sands.View to the west.
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09PC04L

Figure 13: Sample 09PC04L site within the Sosokha Sand below t4 (purple) (see Plate 1).
View to the east.
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Figure 14: The deep red oxidized Dragon’s Nest Formation, seen here, are often a veneer over
the Wangdu Formation. View to northwest.
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Figure 15: The confluence of the Mo Chhu (left) and Pho Chhu (right) at Punakha (Plate 1).
The gravel fill here is the Punakha Formation. Three terrace levels are shown: t1 (green), t2
(orange), and t2b (cyan). View to the north.
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Figure 16: Area of relief (Ar) map with 1- km pixels color -coded by the difference between
the highest and lowest elevation within the pixel. Notice that from south to north, Ar decreases
gradually across PT2b, has the lowest values between Wangdu and Punakha, and abruptly
increases across PT2a.
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Figure 17: Map showing stream length-gradient index along the Puna Tsang
Chhu. Notice highest values are between the Wangdu thrust fault and PT2b,
while the lowest values are between PT2a and Wangdu.
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Figure 18: Map showing slope gradient index along the Puna Tsang Chhu.
Notice the concave reaches at PT2a and PT2b, and convex reach around the
Wangdu thrust fault.
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Figure19: (A) Stream length-gradient index for different times during the development of the Puna
Tsang Chhu river valley where each profile represents a different time. (B) SL at 50 km downstream had a moderate and constant value except for a minor pulse at T1. (C) S L at 70 km down
stream had a consistantly low SL value. (D) High SL values at 90 km downstream increased
steadily in time (dashed line) while (E) shows that the high SL values at 100 km downstream
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APPENDIX A: PROCESSING OF REAL TIME KINEMATIC SURVEY DATA
Raw data files from both the rover and the basestation GPS units were post-processed in
order to yield interpretable position data for the terrace treads surveyed in the field (see
Appendix D for data files). Since an RTK survey was carried out, differential corrections were
applied in real-time in the field during data collection. However, two other main processing
steps remained.
The first step was to fix a systematic problem affecting all the offset points collected with
the laser rangefinder. The laser read the slope distance from the rover location to the point being
collected. However, the TopSURV software on the datalogger used with the rover would only
accept the horizontal distance between the rover and the offset point.

As a result, what

TopSURV (and, hence, TOPCON Tools) used as the horizontal distance for calculating offset
point locations was actually the slope distance, making the offset locations incorrect. This
problem was corrected for using the Excel spreadsheets provided in Appendix D. In these files,
the first three columns (A, B and C) are the original northing easting and elevation, respectively.
The next three columns (D, E, and F) are the amount of change in northing, easting, and
elevation, respectively, due to the difference between the horizontal and slope distances. The
last three columns are the corrected northing, easting, and elevation of the offset points.
The second step was done to better define the locations of the basestations used. During
the Puna Tsang Chhu survey, a total of 13 base-station localities were occupied. Some were reoccupied on multiple days, and on some days multiple basestation localities were used. The
multiple basestation files for basestation localities that were re-occupied needed to be combined
to yield an optimized basestation position. This was done by averaging all of the basestation
location data collected during each occupation. Dr. Steve Harder at UTEP reduced and averaged
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the basestation RINEX files.

The resulting new basestation positions were then used to

recalculate the associated rover positions. This was done applying the distance between the
initial and averaged basestation positions to all the rover points that were collected during the
occupation of that basestation.

In addition, the various sub-surveys (with associated

basestations) needed to be merged into a single survey in order to close the traverse loop of the
survey. This was done using a set of tie points that were collected with the rover in the field. All
the surveys were then “tied” together using the Excel spreadsheets provided in Appendix D.
The survey data for the Puna Tsang Chhu given in Appendix D is organized into three
parts: the southern (PC), central (WP), and northern (MC) sections. Each one of these also
contains multiple sub-surveys. To tie all the subsurveys within a given section (and then tie all
three sections together) a set of common tie points was used. Each tie point was common to at
least two sub-surveys. The southernmost basestation that was occupied in the Puna Tsang Chhu
(at the transit camp at the confluence of the Petsho Chhu and the Puna Tsang Chhu) was used as
an “absolute” tie point because it was the southernmost station and because it was the only
basestation location for which we had a priori surveyed location data (occupied on 03/13/2009).
The difference in coordinates between this tie point in the southernmost sub-survey and in the
adjacent, contiguous sub-survey to the north was then calculated. This difference was then used
to shift all the points in the adjacent survey to yield a superset of the two surveys now referenced
to the same tie point. The same procedure was then used to tie the resulting superset to the next
sub-survey to the north, etc.
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APPENDIX B: DESCRIPTIONS OF MATLAB CODES AND 2D-MOVE PROCEDURES
FOR TERRACE PROFILE ANALYSES
A set of twelve MATLAB codes was written for the terrace profile analysis (see
Appendix E). In order of use they are: terraceprogram.m, premove.m, moveT1.m,
moveT2.m, moveT3.m, moveT4.m, moveT5.m, and moveT6.m.

They are used in

conjunction with 2D-Move to iteratively take a set of surveyed river terrace point data, produce
interpolated (and correlated) river terrace profiles, and systematically retrodeform them
(accounting for the three components contributing to riser height discussed in Section 3.3)
The first step is to use terraceprogram.m to import UTM northing, UTM easting,
and elevation points from a text file and project them onto a river profile (defined by a second
text file). This program then segregates the data based on terrace level (this data tag is included
in the imported terrace point data). This is an ideal time to correlate terrace data points by visual
inspection of the plotted data and editing of the data files. When correlation is complete,
terraceprogram.m can be used to create interpolated terrace profiles.
The second step is to use premove.m to calculate interpolated, “un-eroded” river
profiles for the times that each terrace was formed. This step accounts for Iev discussed in
Section 3.3) for the time interval T0-T1. The tool then exports all the modern river and terrace
profiles and the newly-calculated “un-eroded” river profiles into a set of text files that can be
imported by 2D-Move. 2D-Move is used to retrodeform the terrace profiles to account for
localized surface uplift associated with geologic structures (i.e. Ir discussed in Section 3.3). The
first increment to be retrodeformed in this way is the deformation that occurred between T1 and
T0. To do this, terrace profile t1 is un-rotated to match the shape of the “un-eroded” river profile
for T1 using the unfold to target option under the structural modeling menu
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in 2D Move. The unfolding is done using the flexural slip mode. Once this is done for t1,
all of the other terrace profiles are also un-deformed by the same amount. The resulting ‘unrotated’ profile for T1 (and all other Tn) are then exported as a set of text files to be read into
MATLAB.
The next program to run is moveT1.m which does the same as premove.m, but for the
time interval T1-T2. The resulting text files are then read by 2D-Move and the retrodeformation
procedure described above is repeated. The iterative process of using MATLAB and 2D-Move is
repeated for the other time intervals using the MATLAB codes moveT2.m, etc. and finishing
with moveT6.m. The result of this procedure is a set of paleo-river profiles for each time Tn.
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APPENDIX C: DESCRIPTIONS OF EXCEL AND MATLAB IMPLEMENTATIONS OF
THE GEOMORPHIC INDEX CALCULATIONS
After completing the MATLAB and 2D-Move procedure described in Appendix B, the
next step was to apply the stream length-gradient (SL) and slope gradient (S) geomorphic indices
to the modern river profile and to the paleo-river profiles. These were calculated using the
Microsoft Excel spreadsheets provided in Appendix F. To use the spreadsheet, an ASCII text
file with elevation and downstream distance is required as input.
The area of relief (Ar) geomorphic index was generated using the MATLAB code
provided in Appendix F. This code requires a DEM stored as a text file containing column data
i.e. northing, easting, and elevation (in that order). The code assumes the DEM resolution is 90m (i.e. the SRTM DEM, although this can be modified). The code prompts the user for the size
kernel the user wishes to use, a number that must be divisible by 90. For the purposes of this
research, 990 m (approximately 1 km) was used.

The code then finds the minimum and

maximum elevations within a moving kernel of the size specified. The difference between the
maximum and the minimum elevations (the local relief in the kernel area) is stored as the Ar
index value in the output grid. The code produces a color-coded map of Ar values that can be
exported from MATLAB as an image file.
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APPENDIX D: REAL TIME KINEMATIC SURVEY DATA, TOPCON TOOLS DATA
FILES, AND MICROSOFT EXCEL SPREADSHEETS (DIGITAL)
This digital appendix contains the raw RTK files and the TOPCON Tools files used to
processes the GPS survey data (as described in Appendix A), as well as the resulting location
data (as both ASCII .csv files and Excel spreadsheets). These files are located on the
accompanying CD-ROM in the directory /appendices/AppendixF/. This directory contains four
folders (listed here in order of use):

/raw_data: raw data files from the rover and basestation GPS receivers for use in
TOPCON Tools.
/rover: the .tsj files are TOPCON Tools project files and the .bak files are
backup files:
MC.tsj

northern part of survey.

WP.tsj

central part of survey.

PC.tsj

southern part of survey.

/basestation: these are TOPCON Tools-compatible files that are named
according to the date they were acquired, i.e. logxxyyz.tps, where xx is the month, yy is
the day, and z is a letter that increments for each file collected on the same date (e.g. a, b, etc.).

/slopedist_horizdist_corr: Excel spreadsheets for calculating offset points
(including correct use of laser rangefinder data that TOPCON Tools was unable to do).
north of PT2a.

bhutan09mccorr.xls
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bhutan09pccorr.xls

south of Wangdu.

bhutan09WPcorr.xls

between Wangdu and Punakha

/averaged_base_stations:

/final_point_locations: files with the final point locations (in columns O, P,
and R).
bhutan09mccorrforimport.xls

north of PT2a.

bhutan09pccorrforimport.xls

south of Wangdu.

bhutan09WPcorrforimport.xls

between Wangdu and Punakha

allpoints_ptc.csv

all data for use in ArcGIS

TOPCON Tools version 7.2 was used. Excel spreadsheets were produced with Microsoft
Office 2008 for Macintosh.
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APPENDIX E: MATLAB CODES AND 2D-MOVE FILES USED FOR PROFILE
ANALYSES (DIGITAL)
This digital appendix contains the data and MATLAB codes used and produced during
the terrace profile analysis (as described in Appendix B).

These files are located on the

accompanying CD-ROM in the directory /appendices/AppendixE/.

This directory

contains two folders:

/MATLABcodes: contains the set of 12 codes described in Appendix B.

/unrotated_profiles: contains folders for each time Tn. Each folder contains a
.mve and a .mve.bak file. These are 2D-Move files (and backups) that include the profiles
for the terrace levels for which there are .dat files in the same folder. Also included is a .tif
image showing what the profiles should look like in 2D-Move.

In /unrotated_profiles/T1 are also included three files that illustrate each of the
three steps discussed in Appendix B:
step1_pick_pins_section.mve
step2_unfold_section.mve
step3_rotate_to_terrace_section.mve

MATLAB codes were written using MATLAB release 2007b. 2D-Move version 2010.1
was used in the analyses.
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APPENDIX F: EXCEL AND MATLAB FILES FOR GEOEMORPHIC INDEX
CALCULATIONS (DIGITAL)
This digital appendix contains the Excel spreadsheets and the MATLAB code used for
calculating the geomorphic indices, (as described in Appendix C). These files are located on the
accompanying CD-ROM in the directory /appendices/AppendixF/.

This directory

contains two folders:

/area_of_relief:
arearelief.m

MATLAB code for computing Ar.

PTCgeo.tif

90-m SRTM DEM of the Puna Tsang Chhu.

/SL_and_S_indices:
SI_and_S.xls

Excel spreadsheet for computing S and SL.

/datafiles

ASCII text files containing terrace profiles.

The datafiles for the SL and S calculations were created using the tools in Appendix E.
The naming convention used is as follows: TXty_L_SL_SG.txt, where X (= 0, 1,…, 5) is the
time and y (= 1, 2,…, 6) is the terrace level.

MATLAB codes were written using MATLAB release 2007b. Excel spreadsheets were
produced with Microsoft Office 2008 for Macintosh.
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Plate 1: Geomorphologic map showing terrace locations, faults, and physiographic transitions along the Puna Tsang Chhu.
Inset is a geologic map of the intermontain valley between Wangdu and Punakha. Notice that major bends in the river are
located at PT2a and PT2b.

